We have previously conducted a phase I trial to test the efficacy of a glypican-3 (GPC3) peptide vaccine in patients with advanced hepatocellular carcinoma (HCC); however, its immunological mechanism of action remains unclear. Here, we report a pilot study conducted to evaluate the immunological mechanisms of action of this GPC3 peptide vaccine (UMIN-CTR number 000005093). Eleven patients with advanced HCC were vaccinated with the GPC3 peptide in this trial. The primary end point was GPC3 peptide-specific immune response induced by the GPC3 peptide vaccination. The secondary endpoints were clinical and biologic outcomes. We demonstrated that the present vaccine induced GPC3 peptide-specific cytotoxic T lymphocytes (CTLs), which were found to infiltrate into the tumor. Moreover, we established GPC3 peptide-specific CTL clones from a biopsy specimen: these cells exhibited GPC3 peptide-specific cytokine secretion and cell cytotoxicity. The plasma GPC3 level tended to decrease temporarily at least once during the follow-up period. The GPC3-specific CTL frequency after vaccination was correlated with overall survival. The degree of skin reactions at the injection site correlated with the GPC3 peptide-specific CTLs. Furthermore, we sequenced the T cell receptors (TCRs) of tumor-infiltrating lymphocyte (TIL) clones, and confirmed the existence of this TCR repertoire in both tumor tissue and PBMCs. In response to these data, we are developing TCR-engineered T cell therapy using TCR sequences obtained from GPC3 peptidespecific CTL clones for improved efficacy in patients with advanced HCC.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most common cancer and the second leading cause of cancer-related deaths. Worldwide, nearly 782,000 new cases of HCC are diagnosed each year, with 788,000 annual deaths. HCC most often develops in patients predisposed to chronic liver disease as a result of chronic alcohol abuse, hepatitis C virus (HCV) infection, non-alcoholic fatty liver disease (NAFLD), or nonalcoholic steatohepatitis (NASH). 1 The currently available treatment options include more established traditional methodologies such as surgery and adjuvant chemo/ radiation therapy. Patients with early-stage HCC who receive standard curative treatments, such as surgical resection or local radiofrequency ablation (RFA), have a good prognosis, with a 5-year survival rate of > 70%. However, patients with HCC are often diagnosed at an advanced stage because of a lack of specific symptoms; the prognosis of these patients is generally poor, resulting in an overall 5-year survival rate of < 16%. [2] [3] [4] Chemotherapy is moderately tolerated owing to the coexistence of liver cirrhosis in most patients with HCC; however, this therapeutic strategy is not sufficiently effective. Sorafenib, a tyrosine kinase inhibitor that is used to treat HCC as well as other cancer types, has been found to prolong overall survival in patients with advanced HCC and thus represents the standard drug for firstline systemic treatment. [5] [6] [7] However, according to the Response Evaluation Criteria in Solid Tumors (RECIST), the response rate for sorafenib is very low and the incidence of adverse drug reactions high. Therefore, new treatment modalities are urgently needed to prolong survival in patients with advanced HCC while minimizing the risk of adverse events.
Immune-checkpoint inhibitors have shown substantial clinical benefits in the treatment of several cancers such as melanoma, renal cell carcinoma, lung cancer, bladder cancer, ovarian cancer, Hodgkin's lymphoma, and gastrointestinal (GI) and endometrial cancers associated with defects in DNA mismatch repair. Therefore, these compounds represent potentially attractive therapeutic options for HCC. [8] [9] [10] [11] [12] [13] [14] [15] Cancer peptide vaccines, which utilize tumor-associated antigens (TAAs), especially cancer testis or oncofetal antigens that are recognized by the adaptive immune system, represent examples of such immunotherapies. Carcinoembryonic antigen glypican-3 (GPC3) is an ideal target for a peptide vaccine against HCC as this antigen is specifically overexpressed in HCC (72-81%) and correlates with unfavorable clinical outcomes. [16] [17] [18] [19] [20] To validate the GPC3-derived peptide vaccine as a new and effective therapeutic strategy against HCC, we conducted a phase I trial in patients with advanced HCC. 21 This study confirmed the safety of the GPC3-derived peptide vaccine and demonstrated that GPC3-specific CTL frequency was correlated with overall survival in patients with advanced HCC. However, as clinical studies performed during early phases of drug development are generally conducted in patients with advanced-stage disease, it is difficult to evaluate the expected survival benefits of the treatment being tested.
The improvement of treatment efficacy and survival outcomes for the GPC3-derived peptide vaccine requires detailed understanding of the immunological mechanisms of action of this vaccine. The aim of this pilot study was to evaluate the clinical responses and immunological mechanisms of action of GPC3-derived peptide vaccine in patients with advanced HCC, and to evaluate the clinical validity of this vaccine. We have previously published a case report describing Patient 3 who, despite exhibiting a massive degree of tumor necrosis, died of circulatory failure as a result of tumor embolism in the right atrium. In the present study, we report clinical and immunological data for all 11 patients enrolled this study.
Results

Patient characteristics
Eleven patients were enrolled in this study (Table 1) . A larger number of patients with progressive disease who did not respond to sorafenib were included relative to the phase I study. Five patients received the HLA-A2-restricted GPC3 144-152 peptide (FVGEFFTDV), and 6 patients received the HLA-A24-restricted GPC3 298-306 peptide (EYILSLEEL). None of the patients dropped out because of adverse events caused by peptide vaccination. All patients received appropriate follow-up to monitor toxicity. The median follow-up period was 5 months (range 2-21 months). The patients' average age was 65.8 y (range 54-73 years). Nine of the 11 patients were male. One patient had a performance status (PS) of 1 and all others had a PS of 0. Staging was performed according to the TNM classification for HCC (Union for International Cancer Control). Five patients were diagnosed with Stage IVB disease. One patient had Child-Pugh class B disease, and all of others Child-Pugh class A disease. Respectively, 2 and 6 patients had hepatic B (18%) and C (55%) virus infection. All patients had been treated with conventional therapy including surgery, RFA, trans-catheter arterial embolization (TACE), and radiation therapy before receiving GPC3 peptide vaccine therapy. Although 6 (55%) patients received sorafenib before the present therapy, these patients dropped out because of adverse events (Patient 4, erythema multiforme; Patient 8, liver dysfunction) or disease progression. All other patients also showed disease progression before enrollment in this study.
We evaluated the expression of GPC3 and HLA class I in primary tumors obtained before the first vaccine was administered. GPC3 expression was detected in all patient before the first vaccination (11/11, 100%), whereas surface HLA class I expression was observed in 8 of the 11 patients (73%) ( Table 2) .
Clinical responses
Patient characteristics and clinical responses in relation to GPC3-specific CTLs are shown in Table 1 . Patient 6 had stable disease (SD), while all the other patients had progressive disease (PD) for 2 months according to RECIST and mRECIST assessment criteria. The median time to tumor progression (TTP) was 1.9 months (95% confidence interval [CI], 1.7 to 2.0). The median overall survival was 5.0 months (95% CI, 0.3 to 9.7) ( Table 2 ). In Patient 3, most multiple tumors in the liver that had been detected by early phase contrast-enhanced CT scan did not exhibit contrast enhancement after GPC3 peptide vaccine therapy; these findings suggest tumor necrosis or partial tumor reduction that did not meet the PR criteria.
Circulating levels of AFP and PIVKA-II represent useful tumor markers of HCC. 22 It was recently reported that the level of GPC3 also serves as a predictive marker and improves diagnostic efficacy when used with other routine parameters in HCC.
23,24 Therefore, we evaluated the level of these tumor markers before and after vaccinations and their utility in GPC3 peptide vaccine therapy. GPC3 levels were detectable in the plasma of all patients before vaccination; these decreased temporarily at least once in Patients 1, 5, 6, 7, 8, 9, 10, and 11 during the follow-up period (8/11 patients, 72.7%; Fig. 1 ). In 5 (Patients. 1,5,6,7, and 10) of these 8 patients, the GPC3 level fell than that of pre-vaccination baseline values. However, the serum levels of AFP and PIVKA-II increased slightly during the follow up period in nearly all patients. These results suggest that, although the GPC3 peptide vaccine therapy was unable to induce tumor responses over a large duration, some therapeutic effects against GPC3-positive cancer cells were present.
We could compare the expression of GPC3 between before and after vaccination in 4 cases (Patients 1, 3, 6, and 8) ( Table 2 ). Representative cases 1 and 3 are shown (Fig. S2) . In case 1, the expression level of GPC3 in cancer cells at pre vaccination (CCC) had decreased to (CC) at post vaccination, in case 3, pre (C) decreased to post (weak). In all these 4 cases, the expression of GPC3 at post vaccination was lower than that at pre vaccination (Table 2) . These result may show that cancer cells that are strongly expressed GPC3 have been removed by the effect of the peptide vaccine.
Furthermore, we statistically analyzed the correlation between GPC3 expression level in tumor tissue and its plasma level at the pre vaccination (Table 2 and Fig. S3 ). There was a statistically significant between GPC3 expression level in tumor tissue and its plasma level at the pre vaccination (Spearman rank correlation: p D 0.02).
We also statistically analyzed the correlation between GPC3 expression level in tumor tissue and the survival of the patients (Table 2 ). There was not statistically significant between them (Spearman rank correlation).
And we statistically analyzed the correlation between plasma GPC3 level and the spot number of GPC3 specific CTL (Table 2 ). There was not statistically significant between them (Spearman rank correlation).
The frequency of vaccine-induced GPC3 peptide-specific CTLs correlated with overall survival
In cancer immunotherapy, CTLs are often the final effectors of immune-mediated cancer regression. To investigate whether the GPC3 peptide vaccine induced a specific immune response, peripheral blood mononuclear cells (PBMCs) obtained from all patients before and after vaccination were examined by ex vivo IFN-g ELISPOT assay. After the third vaccination, the number of GPC3 peptide-specific CTLs in 5 £ 10 5 PBMCs was found to have increased in 9 of 11 patients except for Patients. 9 and 11 ( Table 2) . Patients with high GPC3 peptide-specific CTL frequencies exhibited stronger skin reactions at the injection site than counterparts with low frequencies, suggesting that the degree of these reactions likely correlated with the number of GPC3 peptide-specific CTLs post-vaccination (Fig. 2) . We previously showed that the GPC3-specific CTL frequency after vaccination was correlated with overall survival in the phase I trial. In this study, we compared patients with GPC3-specfic CTL frequencies 50 (N D 5) with those with GPC3-specific CTL frequencies < 50 (N D 6) and found that the median overall survival was 16.9 months (95% CI, 4.2 to 21.1) in patients with GPC3-specific CTL frequencies 50, compared with 4.3 months (95% CI, 2.8 to 8.4) in those with GPC3-specific CTL frequencies < 50 (p D 0.178). The maximum value of GPC3 peptide-specific CTLs after vaccination was significantly correlated with overall survival (p D 0.032, r D 0.645) (Fig. 3) . We additionally evaluated patients with GPC3-specific CTL frequencies 50, except for Patient 2 who had a PS of 1, and 
Expression in the primary tumor. Expression of GPC3 and HLA class I was determined by immunohistochemistry. Staining of tumor cells for GPC3, HLA class I: -, non-reactive; C, reactive. Patient 3 who had been diagnosed as Child-Pugh class B. In patients with PS 0 and Child Pugh class A, the median overall survival was 20.4 months (95% CI, 16.8 to 22.3) and the maximum value of GPC3 peptide-specific CTLs after vaccination was correlated more significantly with overall survival (p D 0.010, r D 0.798) (Fig. S1 ).
GPC3 peptide-specific CTLs infiltrated into the tumor following peptide vaccination
To confirm whether tumor-infiltrating lymphocytes were GPC3 peptide-specific CTLs, we attempted to detect GPC3
peptide-specific CTLs in biopsy specimens from vaccinated patients. Tumor biopsy specimens after administration of the third GPC3 peptide vaccine were obtained from Patients 1, 6, and 8. In Patient 6, who had the most frequent post-vaccine GPC3 peptide-specific CTLs and the best prognosis of all patients, the frequency of GPC3 peptide-specific CTLs after vaccination (290 of 5 £ 10 5 PBMCs) was higher than that before vaccination (0 of 5 £ 10 5 PBMCs) ex vivo in IFN-g ELI-SPOT assay (Fig. 4A) . We additionally analyzed the GPC3-specific CTL frequency of this patient by flow cytometry using the GPC3 peptide Dextramer. The GPC3-specific CTL frequency is indicated as the percentage of both Dextramer-positive and Figure 1 . The plasma and serum levels of 3 tumor markers-GPC3 (pg/mL), AFP (mg/mL), and PIVKA-II (AU/mL)-in 11 patients during follow-up. The cut-off thresholds for AFP and PIVKA-II were 10 ng/mL and 40 mAU/mL, respectively.
CD8-positive cells before and after vaccination. After the forth vaccination, the frequency of GPC3 peptide-specific CTLs from PBMCs and a biopsy specimen increased from 0.0% to 0.7% and 0.0% to 0.8% respectively (Fig. 4B) . Moreover, we established GPC3 peptide-specific CTL clones from a biopsy specimen by single-cell sort using GPC3-Dextramer (Fig. 4C) . These GPC3-Dextramer C CTL clones showed GPC3 peptidespecific IFN-g secretion. Moreover, the CTL clone (TIL. 1) showed cytotoxicity and IFN-g, granzyme B, and tumor necrosis factor-a (TNF-a) secretion against GPC3-transfected or GPC3 298-306 peptide-pulsed target cells, but not against vectortransfected or HIV 583-591 -pulsed target cells (Fig. 4D-G) . Analysis of TCRs from isolated TIL clones revealed similar sequences to those of CTLs in peripheral blood, thereby confirming the similar TCR repertoires between these peripheral cell populations (Table 3) .
Adverse events
Adverse events that were considered by the investigators to be related to treatment occurred in 100% of the patients treated with GPC3-peptide vaccine therapy (Table S1 ). Unfortunately, Patient 3 diagnosed as Child-Pugh class B died after the second vaccination as a result of tumor embolism in the inferior vena cava and the right atrium. 25 This patient was judged to have disease progression, but was not removed from the analyses at the advice of the effect and safety evaluation committee, including those of the external members. In terms of immune-related events, all patients experienced grade 1 or 2 local skin reactions at the injection site. Transient immune-related events, including drug fever, rash, and flushing, were observed in most patients. In non-immune-related events, grade 3 laboratory adverse events (impaired liver function) were observed in Patients 2, 3, and 9. These 3 patients had progressively massive or multiple liver tumors. As immune-related adverse events were within an acceptable range and laboratory adverse events were mainly caused by disease progression, these results suggest that GPC3 peptide vaccine therapy was well-tolerated.
Discussion
The aim of a therapeutic cancer vaccine is to induce the activation and proliferation of tumor associated antigen (TAA)-specific CTLs that specifically recognize and kill cancer cells, leading to improved therapeutic outcomes. We previously demonstrated the presence of GPC3 peptide-specific CTLs in peripheral blood, and showed that numerous CD8-positive T cells infiltrated tumors following GPC3 peptide vaccination in patients showing partial response. In this study, we demonstrated that GPC3 peptide-specific CTLs induced by GPC3 peptide vaccination infiltrated into the tumor tissue. These findings provide proof-of concept for GPC3 peptide vaccine therapy.
It was additionally found that GPC3-specific CTL frequency tended to correlate with overall survival, which was consistent with the findings of the previous phase I study; however, no statistical significance was observed. An explanation for this finding may be that a larger number of patients were treated with sorafenib than in the phase I study, as this drug was approved by the drug administration in Japan in 2009. Accordingly, it is possible that patients with poor sensitivity to sorafenib exhibited poor prognosis, resulting in progression of the disease despite treatment. However, the plasma GPC3 levels decreased temporarily at least once in numerous patients during the follow-up period. Therefore, the presence of vaccine-induced GPC3 peptide-specific CTLs likely conveyed positive therapeutic effects by impairing the proliferation of GPC3-positive cancer cells, since patients with low GPC3 expression tended to show unfavorable clinical outcomes. Nevertheless, large-scale, multi-institution studies should be performed to verify the therapeutic efficacy of this GPC3 peptide vaccine. Additionally, patients with strong skin reactions at the injection site are likely to exhibit more frequent induction of GPC3 peptide-specific CTLs post-vaccination. It is possible that the skin reaction to GPC3 peptide vaccine therapy is a biomarker of an immunological response conducive to the optimal outcome. Further work is necessary to determine the mechanistic significance of the skin reaction. The presence or absence of a GPC3 peptide vaccine therapy-induced skin reaction at the injection site may be used for identification of patients who might benefit from more prolonged treatment with the present GPC3 peptide vaccine therapy or other agents.
GPC3 peptide vaccine therapy was well tolerated by patients who were unable to continue sorafenib treatment because of severe side effects. Patient 3 died after the second vaccination; the main cause of death was diagnosed as circulatory failure resulting from a tumor embolism that occupied most of the right atrium. Histological examination of this patient showed central necrosis in most of the tumor and infiltration of CD8-positive T cells in the residual HCC. In addition, 3 patients in the phase I study were found to have undergone tumor necrosis according CT scans; we detected a massive infiltration of CD8-positive T cells in the remaining liver tumor in one of 3 patients. This present study demonstrated that GPC3 peptidespecific CTLs were induced as a result of the infiltration of the GPC3 peptide vaccination into the tumor. In addition, the rate of spontaneous partial regression among patients with HCC was rare (0.406%) compared with the control arm of a randomized clinical trial. 26 Collectively, these findings suggest that infiltration of GPC3-specific CTLs into the tumor is correlated with tumor necrosis. Furthermore, the clinical response, together with the vaccination-induced production of GPC3-peptide specific CTLs, indicates that GPC3 peptide vaccination represents a promising approach for the treatment of HCC.
However, previous studies have reported that GPC3 peptide vaccination failed to demonstrate adequate antitumor efficacy, with no complete responses in clinical trials involving patients with advanced HCC and ovarian clear cell carcinoma. 21, 27 The GPC3 peptide vaccine therapy as adjuvant after surgical resection has also shown limited clinical efficacy. 28, 29 TCR-engineered T cell therapy represents an alternative to TIL therapy. TCR-engineered T cell therapy, in which highly avid TCRs are cloned from naturally occurring T cells and introduced into lymphocytes using gene transfer vectors, was applied for generation of large quantities of antigen-specific CTLs for treatment. [30] [31] [32] To date, clinical TCR-engineered T cells against melanoma-associated antigen recognized by T cells 1 (MART-1), glycoprotein (gp) 100, carcinoembryonic antigen (CEA), p53, melanoma-associated antigen (MAGE-)A3, and New York esophageal squamous cell carcinoma 1 antigen (NY-ESO-1) have been reported. [33] [34] [35] [36] Collectively, these trials have demonstrated not only feasibility, but also significant clinical responses in patients with several cancers. The first step in TCR-engineered T cell therapy is to isolate a high-affinity T cell clone for a defined target antigen. However, these TCRs are rarely isolated from patients with high reactive T cell clones that recognize and lyse target cancer cells. 37 We established HLA-A Ã 24:02 -restricted GPC3 peptide-specific CTL clones; these are of high potential utility as HLA-A Ã 24:02 represents the most common HLA class I allele in Japan. These CTL clones show high avidity and antigen-specific killing activity against tumor cells. Furthermore, we identified TCR sequences from one patient in this study. We additionally established HLA-A Ã 02:01-restricted GPC3 peptide-specific CTL clones; HLA-A Ã 02:01 represents the major common HLA class I allele in Caucasians. We are currently developing TCR-engineered T cell therapy using the TCRs of these GPC3 peptide-specific CTL clones.
To improve the limited clinical efficacy of conventional peptide vaccines, a novel approach is currently being explored to target tumor-specific antigens generated via cancer-cell-specific gene mutations that occur during neoplastic transformation. Theoretically, these so-called neoantigens are not attenuated by host central tolerance in the thymus and specifically appear on cancer cells, and are therefore eliminated as non-self. As neoantigens exhibit the potential to induce more robust and specific anti-tumor T-cell responses compared with conventional TAA-targeted vaccine, these represent an attractive source of targets for vaccine therapy. [38] [39] [40] However, to translate this neoantigen-based approach to clinical practice, several conceptual and technical barriers must be overcome: for example, one of the major challenges is the rapid selection of immunogenically potent antigens. However, patients treated with MART1-specific CTLs generated by priming with peptide-pulsed dendritic cells demonstrated a significantly increased reactivity to other melanoma-associated proteins such as NY-ESO-1, gp100, tyrosinase, and MAGE A3, and showed good prognosis. 41 This result suggests that released tumor antigens presented by local antigen-presenting cells may have promoted activation of new responses to non-targeted antigens, including neoantigens, even if these tumor antigens are conventional TAAs. Therefore, the antitumor effect of the GPC3-derived peptide vaccine may be improved via an alternative approach, e.g. by overcoming Tcell exhaustion through the development of new adjuvants, novel vaccine formulations, or combination therapies with immune-checkpoint inhibitors.
In conclusion, this pilot clinical study demonstrated that GPC3 peptide-specific CTLs infiltrated into tumor tissue following peptide vaccination. We established HLA-A Ã 24:02-restricted GPC3 peptide-specific CTL clones from tumors after vaccination, and identified TCR sequences capable of recognizing and lysing target cancer cells. Although patients with advanced HCC who did not exhibit response to sorafenib showed little clinical response, those with frequent and high induction of GPC3-specific CTLs tended to have longer prognoses with a good quality of life. We are currently developing TCR-engineered T cell therapy using TCRs of GPC3 peptidespecific CTL clones to improve efficacy in patients with advanced HCC. TCR-engineered T cells are expected to represent one of the most clinically effective immunotherapies against HCC.
Materials and methods
Patient eligibility
This clinical pilot study was performed between 2011 and 2013. Patients with advanced or metastatic HCC were enrolled after providing written, informed consent. The following eligibility criteria were used: diagnosis of HCC on the basis of imaging modalities or histological examinations; no expectation of response to other therapies including surgery, RFA, or chemotherapy (e.g., sorafenib); an Eastern Cooperative Oncology Group performance status of 0-1; age between 20 and 85 years; no prior therapy within 2 weeks; tumor tissue biopsy being practicable; HLA-A24-or HLA-A2-positive status as determined using commercially-available genomic DNA typing tests (Mitsubishi Chemical Medience, Tokyo, Japan); Child-Pugh liver function class A-B; and appropriate organ function (Neutrophil count 1,500/mL, hemoglobin 8.0 g/dL, platelets 50,000/mL, total bilirubin 3.0 mg/dL, albumin 2.8 g/ dL, aspartate aminotransferase 150 IU/L, alanine aminotransferase 150 IU/L, and serum creatinine 1.5 mg/dL). The following exclusion criteria were applied: uncontrolled pleural effusion or ascites; other active malignancies; pregnancy or lactation, planned pregnancy; clinically serious infection; clinically significant heart disease (myocardial infarction or unstable angina within the past 6 months, or uncontrolled cardiac arrhythmias); severe complications including cardiac failure, renal failure, liver failure, active gastro-duodenal ulcer, ileus, and uncontrolled diabetes mellitus; severe psychiatric disorder; past history of severe drug allergy; past history of administration of GPC3 peptide vaccination; and unsuitability for the trial based on clinical judgment. 
Study design and endpoints
Evaluation of toxicity and clinical response
Patients were examined for signs of toxicity during and after vaccination. Adverse events were graded according to the Common Terminology Criteria for Adverse Events v4.0 (CTCAE). Hematological examinations were conducted before each vaccination. The tumor size was evaluated by computed tomography or magnetic resonance imaging before vaccination, and then every 8-12 weeks after the first vaccination. Tumor responses were evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) guidelines and the modified RECIST (mRECIST) assessment. 42 Measurement of serum GPC3, AFP, and PIVKA-II concentrations Plasma GPC3 concentrations were measured using a fully automated assay kit provided by Sysmex Corporation (Kobe, Japan). Briefly, a biotinylated monoclonal antibody reagent was used to capture GPC3 from clinical plasma samples of patients. Further, streptavidin-coated magnetic beads were used to capture the immune complexes. Following magnetic separation and washing for B/F (bound/free fraction) separation, a second monoclonal antibody labeled with alkaline phosphatase was reacted with the immune complex. After a second round of B/F separation, the immune complex was quantified using the HISCL chemiluminescent reagent. All reactions were performed at 42 C in the HISCL-800 fully automated immunoassay system, within 17 minutes. Serum AFP and PIVKA-II concentrations in patients were measured at the time of plasma collection for detection of GPC3 using a commercially available electrochemiluminescence immunoassay kit (Roche Co., Tokyo, Japan) and a chemiluminescent enzyme immunoassay kit (Eisai Co., Tokyo, Japan), respectively. In this study, the cut-off values for AFP and PIVKA-II were set as 10 ng/mL and 40 mAU/mL, respectively. 
Measurement of immunological response
PBMCs and ex vivo IFN-g enzyme-linked immunospot (ELISPOT) assay An ex vivo IFN-g ELISPOT assay was performed to evaluate the antigen-specific CTL response, as described previously. 43 Peripheral blood (20 mL) was obtained from each patient before the first vaccination and 2 weeks after each vaccination, and centrifuged with a Ficoll-Paque gradient at 1300 g for 30 min in a Kubota 5220 centrifuge (KUBOTA Co., Tokyo, Japan). Isolated PBMCs were then frozen before immunological analysis. All PBMCs obtained from an individual patient were incubated in the same plate and simultaneously analyzed via an ex vivo IFN-g ELISPOT assay. Non-cultured PBMCs (5 £ 10 5 /well) were added to plates in the presence of peptide antigens (10 mg/mL) and incubated for 20 h at 37 C in 5% CO 2 . The antigen for GPC3 was either the HLA-A2-restricted GPC3 144 C. Flow cytometry was performed using a FACSAria cell sorter (BD Biosciences).
Cytotoxicity assay
Calcein-AM-labeled T2A24 target cells were pulsed with various concentrations of peptide, starting at 10 -6 M and decreasing by log steps to 10 -14 M. The CTL clones were incubated with the T2A24 target cells at an effector:target (E/T) ratio of 10:1 for 4 h. The recognition efficiencies of the CTL clones were defined as described previously. 43 Cytokine measurements Granzyme B and TNF-a levels in the culture supernatants were evaluated using Cytometric Bead Array Flex Sets (BD Bioscience), according to the manufacturer's protocol. The resulting data were analyzed using FCAP Array Software 3.0.
Immunohistochemical analysis
Biopsy or resected specimens were obtained from all vaccinated patients before first vaccination and a subset of post-vaccination cases when collection was possible. Patients provided informed consent for this procedure. Specimens were stained with hematoxylin and eosin or monoclonal antibodies against GPC3 (clone 1G12; 1:300 dilution; BioMosaics) and HLA class I (clone EMR8/5; 1:2,500 dilution; Hokudo), according to the manufacturers' instructions.
Generation of CTL clones CD3
C CD8 C GPC3-Dextramer C cells from PBMCs and enzyme-treated tumors were sorted using a FACSAria cell sorter and seeded in a 96-well plate (1 cell/well). Then, cells were stimulated by the addition of irradiated (100 Gy) allogeneic PBMCs (8 £ 10 4 cells/well) as feeder cells, in AIM-V medium supplemented with 10% human AB serum, IL-2 (200 U/mL), and phytohemagglutinin-P (PHA) (5 mg/ml) for 14-21 days, as described previously. 43 
Analysis of T cell receptor (TCR) sequences
The GPC3-Dextramer C
CD8
C T cells were sorted into PCR tubes (1 cell/tube) containing cDNA reaction mix, and identification of TCR sequences was performed as described in the previous report. 44 In brief, cDNA was amplified using 24 TCR-BV gene family-specific forward primers and a constant region-specific reverse primer. Next, the PCR products were amplified by semi-nested PCR for screening the BV gene family. PCR products identified by specific primers were sequenced. The International Immunogenetics Information System (IMGT) database site (http://imgt.cines.fr) was used to identify the human TCR-BV gene family.
Statistical analysis
All statistical analyses were performed using R software packages (R Foundation for Statistical Computing; http://www. r-project.org). Survival rates were analyzed by the R package survfit (Kaplan-Meier method). HRs and significance levels were analyzed by the R package coxph (Cox proportional hazard analysis). Spearman rank correlations were used for correlation analysis. Statistical significance was defined as a p < 0.05.
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